Abstract The giant Aceh-Sumatran 2004 earthquake is the largest earthquake recorded since the great Chilean 1960 and the Alaskan 1964 events. The Earth's free oscillations were strongly excited and recorded by numerous stations with an extremely good signal-to-noise ratio, even for the gravest modes. These particular modes are interesting because phases of these well-separated split free oscillations carry information on the overall kinematics of the source of large earthquakes (M w Ͼ8) and, in particular, on the length, duration, and mean rupture velocity. Using the singlet-stripping technique, we study some of the Earth's gravest free oscillations ( 0 S 2 , 0 S 3 , 0 S 4 , 1 S 2 , 0 S 0 , and 1 S 0 ) recorded at several broadband permanent stations (Geoscope, Incorporated Research Institutions for Seismology [IRIS], Global Geodynamics Project [GGP]) to recover individual singlet parameters: phases, frequencies, and quality factors. We use these parameters to constrain the spatiotemporal extent of the source of the Sumatra earthquake of 26 December 2004 and the Nias earthquake of 28 March 2005. We mainly use vertical-component data from seismometers and superconducting gravimeters, because they are less noisy than the horizontal seismic data, but we also show that, for the 2004 event, horizontal components can also be used ( 1 S 2 ). On the basis of the initial phase measurements presented here, we obtain, for the 2004 event, a fault length of about 1250 km and a duration of about 550 sec. For the 2005 event, our measurements favor a model in which the southern segment breaks Ϸ40 sec later, but the bilateral nature of the rupture and its spatial dimension prevent us from properly constraining its spatial extent.
Introduction
The 2004 Sumatran earthquake is the largest earthquake recorded by global seismological networks since the 1960 Chilean and 1964 Alaskan earthquakes. Since these two large earthquakes, the quality and the quantity of geophysical stations have increased considerably; the 2004 event was extremely well recorded all around the world and provided an unprecedented opportunity to study the mechanics of these giant events. It occurred at the boundary between the subducting Indo-Australian and the overriding Eurasian plates. Relative plate motion at this boundary is oriented N10ЊE, oblique to the subduction zone, and varies in speed from about 52 mm/year to 40 mm/year in the northern part of the subduction zone (see Fig. 1 ). In this region, along Sumatra, the plate motion is partitioned into thrusting perpendicular to the trench and right-lateral slip at the Sumatra fault (Fitch, 1972; McCaffrey et al., 2000) . Both faults are the source of strong and frequent earthquake activity. In the north, in the Andaman Sea region, the plate motion is also driven in part by back-arc spreading and a system of transform faults. Several large earthquakes are known to have occurred along this subduction zone: two earthquakes in the north of magnitude M ϳ7.9 and 7.7, respectively, in 1881 and 1941, and three large earthquakes in the south in 1797 (M ϳ8.4), in 1833 (M ϳ9), and in 1861 (M ϳ8.5) (e.g., Newcomb and McCann, 1987; Bilham et al., 2005) ; the only known large earthquake north of the 2004 Sumatra epicenter is the 1881 event with a magnitude M w 7.9. The 2004 Sumatra earthquake occurred on a shallow thrusting fault, with an epicenter located at latitude 3.3Њ N and longitude 96Њ E, and a magnitude M w ϳ9.2. The 28 March 2005 Nias earthquake occurred south of the 2004 rupture with a magnitude M w 8.6, and ruptured the same region as the M w 8.5 event of 1861.
The Sumatra event represents a unique opportunity to compare and calibrate a wide variety of data and techniques such as ultra-long-period seismology, high-frequency Global Positioning System (GPS), gravimetry, hydroacoustics, infrasound, tide gauge, etc., not to speak of satellite imaging Banerjee et al., 2005; Davis et al., 2005; Guilbert et al., 2005; Ishii et al., 2005; Lay et al., 2005; Lomax, 2005; Ni et al., 2005; Park et al., 2005; Stein and Okal, 2005; Tolstoy and Bohnenstiehl, 2005;  The focal spheres of the two main events (26 December 2004 and 28 March 2005) are plotted in black and white. The yellow focal spheres correspond to the events occurred in between and the red focal spheres correspond to the period after the second main event up to the 31 December 2005. Large white circles are shallow historical earthquakes with magnitude M w Ͼ7.0 which occurred between 1903 and 1985 from Newcomb and McCann (1987) . Dotted lines are curves of equal depth in the subduction zone; depths are indicated at the top of the figure. Small circles are instrumental seismicity from 1964 and 1998 with M w Ն5.5 from the ISC-relocated catalog (Engdahl et al., 1998) . The subduction contours are from Gundmudsson and Sambridge (1998) . Vigny et al., 2005; Lambotte et al., 2006; Chlieh et al., 2007; Stein and Okal, 2007; Vallée, 2007) . The size of the event is such that the signal-to-noise ratio is extremely high, allowing the observation and study of effects hardly visible in previous large earthquakes. One such example of a novel technique is the use of the phase of the Earth's free oscillations to constrain the kinematics of the earthquake source. Park et al. (2005) use the phase of the Earth's radial gravest free oscillations ( 0 S 0 and 1 S 0 ) to estimate the duration of the earthquake rupture. Their result is in excellent agreement with other estimates obtained later with more detailed seismological techniques. Generalizing this result, Lambotte et al. (2006) show that, by using the phase of the split singlets of the Earth's gravest radial and spheroidal free oscillations, it is also possible to obtain an independent estimation of the total length of the source. To our knowledge, this kind of analysis has never been used before, despite the fact that the underlying theory has been available for almost 30 years (Dziewonski and Romanowicz, 1977; Ben-Menahem and Singh, 1980) , probably because of the lack of such giant earthquakes since the development of the modern high-gain, broadband, worldwide seismological network.
We show in this article that, by using singlet stripping, (Ritzwoller et al., 1986; Widmer, 1991; Widmer et al., 1992) , it is possible to obtain an integrated measure of the phases of the split singlets, thus avoiding the intermediate step of making individual, per-station, phase measurements. This approach naturally incorporates the condition of having common frequencies and quality factors at different stations. We then use these phases to simultaneously invert for the overall kinematics of the 2004 Sumatra and the 2005 Nias earthquakes.
Methodology Phase Measurements
For large earthquakes with rupture lengths of several hundreds of kilometers, it is necessary to take the finiteness of the source into consideration when computing amplitudes and phases of the normal modes. For a finite source, the Fourier transform of the acceleration of an isolated split multiplet of harmonic degree l can be written as follows (Lambotte et al., 2006) :
where a q (x, x) is the acceleration spectrum for a finite source at a station q, m is the azimuthal order, is the spectrum ps a qm of a singlet m at a station q for a point source, F m is the source finiteness term, x m is the singlet central frequency, M is the moment tensor, e m (x s ) is the strain of the singlet m evaluated at the source location x s , s m (x) is the eigenfunction of the singlet m at the station location x, and c m is the attenuation rate of the singlet m which is related to the quality factor Q m (c m ‫ס‬ x m /(2Q m )), L is the length of the rupture, and s(n) represents the rupture delay of the point located at n. s(n) describes the history of the rupture and can be more or less complex depending on the source. The symbol * is used to denote the complex conjugate.
To retrieve the source finiteness term F m , we take advantage of the singlet-stripping method, widely used in longperiod global 3D tomography studies (Gilbert and Dziewonski, 1975; Ritzwoller et al., 1986; Widmer et al., 1992) . For a given station q in a narrow band of frequencies around the given multiplet, equation (1) can be written in a more compact form: 
where a(x) is a vector of the observed complex spectra at the various stations, c(x) is a vector of the complex singlet Lorentzians multiplied by the source term F m , and A is the matrix of the complex multiplet excitation factors for a point source.
For each frequency x this linear problem can be solved by using any generalized inverse technique. We use here the approach of Tarantola (1987) , which allows us to explicitly take into account the data uncertainties. We have:
where C d is the covariance matrix that contains the a priori uncertainties on the data as estimated from the noise level surrounding the considered multiplet at each station. We use a diagonal matrix built using the weight function defined by Ritzwoller et al. (1986) :
where ā q and a max are the mean and the peak values of the amplitude spectrum in a small frequency band surrounding the considered multiplet at station q. To retrieve the finiteness factor F m , we perform a nonlinear fit of the function c m (x) with a Lorentzian. As a byproduct, the fitting also provides estimates of the central frequency x m and the quality factor Q m for each singlet.
Practically, we consider the spectra a q in a narrow frequency band around the multiplet considered. We take the same length of data and the same taper for all the stations considered. This taper should be, of course, taken into account when calculating, the predicted spectra in the fitting process. The elements of matrix A are computed using the transversely isotropic PREM model (Dziewonski and Anderson, 1981) . Eigenfunctions and nonsplit eigenfrequencies are computed using the MINOS code (Woodhouse, 1988) , and the split eigenfrequencies are evaluated using the expression of Dahlen and Sailor (1979) . Every multiplet is treated as if it were well isolated in the frequency domain. For the point-source mechanism, we use the Harvard CMT solution. Moreover, as we are considering some of the gravest free oscillations ( 0 S 2 , 0 S 3 , 0 S 4 , 1 S 2 , 0 S 0 , and 1 S 0 ), only the splitting due to rotation and ellipticity are taken into consid-eration and not splitting due to lateral heterogeneity, since these modes are only, slightly sensitive to it.
Source Inversion
Once the finiteness factors F m are available, we can exploit them to constrain the overall kinematics of the source. The expression of F m given in equation (1) can be used to set up an inverse problem having the complete set of phase measurements as data and the kinematic source parameters (e.g., length and duration) as unknowns.
To solve this problem, we carry out a grid search by computing the phase of F m for a wide range of lengths and durations to find the optimal solution, which minimizes the following misfit function G:
where k is the index of a multiplet, and are,
respectively, the observed and computed phase of the finiteness factor F m , and w mk is a penalty function to take into account the quality of the phase measurement of each singlet. For the 2004 Sumatran event, we consider a unilateral rupture with a constant (unknown) rupture velocity V r ; in this case, in the expression
For the 2004 Sumatran event, we perform two different inversions: the first using a uniform dislocation all along the rupture, and the second one allowing for a triangular taper with its summit centered at different positions along the fault. In the grid search, we introduce the position of the summit of the taper along the fault as a third parameter. This tapering aims to better represent the complex slip distribution obtained by other studies (e.g., Ammon et al., 2005 Figure 2 shows all the stations used in this study; most of the stations are located at midlatitudes in both hemispheres, with very few stations in the equatorial or polar regions.
We mainly use vertical components because the horizontal ones are often noisier at long periods than the vertical ones, mostly due to atmospheric pressure perturbations. Consequently, we only use horizontal components for the 2004 Sumatran event and only to infer the phases of 1 S 2 . All the other modes are studied by using the vertical components.
Data are first Hanning-tapered, then the instrumental response is used to convert them into ground acceleration, and finally they are high-pass filtered with a cut-off period of 4 hr to remove most of the Earth's tide effect. For the superconducting gravimeters, atmospheric pressure data are used to correct gravity data using an admittance of ‫3מ‬ nm/ sec 2 /mbar (Crossley et al., 1995) . Seismometers and gravimeters are sensitive to both the ground acceleration and the variations of the Earth's gravitational field. The latter is significant for the gravest modes (e.g., 20% of the 0 S 2 signal on the radial components) (see Gilbert, 1980) . We take these effects into account by including free-air changes in gravity due to the radial displacement of the instrument and perturbations in the gravitational potential due to the redistribution of the Earth's masses (Gilbert, 1980; Wahr, 1981) .
The choice of the signal length is a compromise between resolution and signal-to-noise ratio. This problem is thoroughly discussed by Dahlen (1982) . To have enough resolution to separate the singlets of a multiplet, we need long time series; however, taking longer time series reduces the signal-to-noise ratio, as free oscillations decay with time. In practice, another strong limitation is the difficulty of finding long continuous time series. Singlet stripping allows us to use shorter time series than in our previous study (Lambotte et al., 2006) . Consequently, some stations previously rejected can now be included in the analysis. By the same token, the phases corresponding to 0 S 4 are now tractable. We choose to take 1 Q cycle defined by Dahlen (1982) as the length of the time series, except for 0 S 0 as the Q cycle is about 75 days. For this particular mode, we tried several lengths. Phase estimates were stable for durations longer than 15 days. For the final measurement we use a length of 20 days. Stations quoted by Davis et al. (2005) as having instrumental response problems were systematically precluded from the data set.
All the gravimetric stations and some seismological ones are saturated in the beginning of the record. In the present analysis, for each multiplet, we use exactly the same time window for all the stations, starting 2 hr after the nucleation time, so avoiding the saturated segments. All the phase measurements presented here are corrected for the phase introduced by this delay; hence, all the phases tabulated in this study have as reference, the Preliminary Determination of Epicenter (PDE) time of the event (2004, 12, 26, 00:58:50.0) .
Results

Stripping
The nonlinear fitting of the singlet strips enables the retrieval of the finiteness factor F m and, in particular, its phase. Figures 3 and 4 amplitude spectra of the multiplet, and panel b shows the singlet-strip amplitudes. The singlet strips for the 2004 event are quite well recovered, we have one clean peak per singlet. For the 2005 event, the singlets strips are noisier than the previous event; this can be explained by the fact that the signal-to-noise ratio is lower (see Fig. 4b ). The singlets for m ‫ס‬ ‫,3מ‬ ‫,1מ‬ 1, 3 are still well retrieved; m ‫ס‬ 0 cannot be resolved at all. This is because, for the particular location and focal mechanism of the Sumatran event, this specific singlet is very slightly excited. Some residuals from other singlets are present on the strip of m ‫ס‬ ‫,2מ‬ two shoulders are visible; these kinds of residuals are mainly due to the nonhomogeneous station coverage on the globe. As mentioned previously, another important source of error is related to the use of wrong instrumental responses. To minimize this problem, we compare the observed spectra (amplitude and phase) with the predicted ones from the stripping results. Some stations, like KIP, KWAJ, RCBR, SAML, WCI, and PEL, present systematic anomalous results. These stations are mentioned by Davis et al. (2005) as having instrumental response problems. Consequently, we have rejected them for the final stripping analysis. Figure 5 shows the singlet strips (in black) with the results of the fitting process (in gray) for 0 S 2 in terms of amplitude, real and imaginary parts; spectra of the strip and spectra computed from the results of the fitting process are in good agreement. Table 1 shows the results of the phase measurements for the 2004 Sumatran event, comparing them with the previous results found by individual spectral fitting at each station (Lambotte et al., 2006) . There are some differences of a few degrees between the phases obtained with the two methods. The largest differences are for 0 S 3 m ‫ס‬ ‫;2ע‬ this is probably because for all the stations available, these singlets are systematically, slightly excited. Consequently, these singlets are more difficult to isolate, and phases measurements are less stable; therefore, these singlets have larger errors than the other singlets. Other singlets such as 0 S 3 m ‫ס‬ ‫1ע‬ have small errors, but the phases are quite different from those predicted by theoretical computations with the simple model used here. These unexplained phases may reflect the complexity of the source (geometry or source time history) or the effects of the Earth's 3D structure, which are not taken into account here. The result found for 0 S 0 (65.2Њ) is in good agreement with others studies: Park et al. (2005) find 65-66Њ, and Davis et al. (2005) find a mean phase of 65.8Њ; for 1 S 0 , Park et al. (2005) have found a mean phase of 115.7Њ, which is slightly lower than our results of 118.4Њ. Such differences can be explained by the fact that we do not use the same stations or the same number of stations and that most of the stations have a few degrees of phase error due to instrumental response uncertainties . Table 2 shows the results of the phases measurements for the 2005 Nias event; as the signal-to-noise ratio is smaller, we have fewer phase measurements; in particular, we can not resolve 0 S 2 because it is below the noise level for most of the stations. We estimate the uncertainties in the phases measurements (see Tables 1 and 2 ) by testing different lengths in the time series or by changing the set of stations used in the inversion. 
Constraining the Overall Kinematics of the 2004 Sumatra and the 2005 Nias Earthquakes
Source Models
The 2004 Sumatran Earthquake. For the 2004 Sumatran event, we have performed an inversion assuming a unilateral rupture. This hypothesis is a good approximation as there is nearly no slip south of the epicenter, as shown by slip distribution models from other studies (e.g., Ammon et al., 2005) , back-projection studies (e.g., Ishii et al., 2005) , or hydroacoustic studies (e.g., Guilbert et al., 2005; Tolstoy and Bohnenstiehl, 2005) . The inversion without tapering gives a rupture length of L ‫ס‬ 1150 ‫ע‬ 100 km and a duration of T ‫ס‬ 500 ‫ע‬ 50 sec. The results obtained from the inversion with a triangular taper are slightly longer, with a rupture length of L ‫ס‬ 1250 ‫ע‬ 100 km and a duration of T ‫ס‬ 550 ‫ע‬ 50 sec. We can then deduce an average rupture velocity of about 2.3 ‫ע‬ 0.3 km/ sec. Thus, the rupture velocity seems to be a more robust parameter than the length L or the duration T which are more model-dependent. The optimal solution is obtained for a taper with a summit centered at 375 km from the southern end of the fault, which corresponds to a latitude of about 5.8Њ.
This position is in agreement with the distribution of slip from other detailed studies Ishii et al., 2005; Vigny et al., 2005; Chlieh et al., 2007) , in particular, with the location of maximum slip along the fault, in the southern part of the rupture. The rupture velocity found in this study is in good agreement with other studies: Ammon et al. (2005) found a rupture velocity of 2.5 km/sec, Guilbert et al. (2005) have a rupture velocity varying from 2.7 to 2.0 km/sec from south to north, and Vallée (2007) found a mean rupture velocity of 2.1 km/sec with a velocity reaching 2.5 km/sec in the south part of the rupture. However Ishii et al. (2005) have a rupture velocity of 2.8 km/sec, which is slightly larger than our result; this may be because they used short-period data for their study. Tsai et al. (2005) also have larger rupture velocities varying from 4.1 km/sec to 2.0 km/sec between the segments of their model from south to north.
As we use only the gravest free oscillations, we obtain here only an overall picture of the rupture. Further higherfrequency modes may provide complementary information on the time source histories; but for these modes we have to introduce the effects due to the Earth's 3D structure, which are no longer insignificant. As our approach allows the separation of singlets more easily than in our previous study (Lambotte et al., 2006) , it may allow the study of higherfrequency spheroidal modes and some toroidal modes on the horizontal components. Figure 1 shows the location of the Harvard CMT (the southern black and white focal sphere), and the location of the aftershocks having occurred up to December 2005 (red focal spheres). The aftershocks extend over a zone of more than 300 km. For this event, the south end of the rupture is located near the subducting Investigator Fracture Zone, precisely where a M w 7.7 earthquake occurred in 1935 (Rivera et al., 2002) . This structure acted as a barrier to stop the rupture propagation in 2005 and played probably a similar role in 1861.
The rupture for this event is bilateral, predominantly toward the south. The length of the northern segment (L n ) is about 100 km and the southern one (L s ) is about 200 km (see Ammon et al., 2005; Walker et al., 2005; Briggs et al., 2006; Konca et al., 2007) . Walker et al. (2005) use the data from the Global Seismic Network (GSN) and Hi-net (the Japanese Hi-sensitive Seismograph Network) to constrain the source kinematics. They find that the rupture starts propagating toward the north and, after a delay of 40 sec a second rupture front propagates toward the south. Other studies (Konca et al., 2007) find a rupture that propagates at the same time toward the south and the north. (Lambotte et al., 2006) Singlet Stripping (This Study) A comparison is made between the results of this study using singlet stripping and our previous results (Lambotte et al., 2006) using individual spectral fitting. For each mode, the measured initial phase U is given, as well as the rupture length L and duration T r obtained from the inversion. The phases for 1 S 2 are obtained from the horizontal components; the results for all the other modes are obtained from vertical components. For the inversion with a triangular taper, the best solution has the summit of the taper at 375 km from the southern end of the fault, which corresponds to a latitude of about 5.8Њ N. For each mode (or pair of modes), the measured initial phases U are given. Table 2 collects the available phase measurements for this event. Being a bilateral rupture, even the most simple nontapered model will typically require five parameters (L n , L s , T n , T s , s [delay]), and neither the quantity of data nor their quality allow us to envision an inversion. We then simply proceed to make some very simple forward modeling motivated by the models quoted earlier. A model A in which two segments (L n ‫ס‬ 100 km and L s ‫ס‬ 200 km) break simultaneously toward the north and south, respectively, at a uniform rupture velocity of 3.0 km/sec. On the other hand, we test a model B with the same geometry and rupture velocity as A, but with a delay of s ‫ס‬ 40 sec like in the Walker et al. (2005) model. For each one of these models we calculate a set of predicted phases and from these the average misfit (6). The results are G A ‫ס‬ 8.2Њ and G B ‫ס‬ 2.8Њ. Given the phase measurement errors (see Table 2 ), we conclude that model B, which includes the 40-sec delay, predicts significantly better our measurements.
Concerning the spatial extent of the rupture, we have however two strong handicaps for this event. On one hand, for a bilateral rupture, the effect of the spatial finiteness of the two segments tend to cancel each other, letting to a strong positive trade-off between the lengths of the two segments. On the other hand, we can use relation (4) of Lambotte et al. (2006) to estimate the order of magnitude of the phase effects ( T and L ) associated with duration and length of the source. Using T ‫ס‬ 100 sec, and L ‫ס‬ 200 km as representative values for the case at hand, we obtain 8Њ Շ T Շ 30Њ and ‫5.1מ‬Њ Շ L Շ 1.5Њ for the available singlets. The values for L are clearly comparable to our phase-error estimates. Consequently, for the Nias fault we can't properly constrain the spatial dimensions (and therefore the rupture velocity).
Conclusion
In this study, we take advantage of the singlet-stripping technique, usually used to study the Earth's 3D structure, to measure the phase of the singlets of some well-split multi- Figure 6 . Comparison of the inversion best solution (rupture duration and length, and location of the summit of the taper) with the slip distribution model of Ammon et al. (2005) . plets ( 0 S 2 , 0 S 3 , 0 S 4 , 1 S 2 , 0 S 0 , and 1 S 0 ). As shown by Lambotte et al. (2006) , these phase measurements can be used to characterize the overall kinematics of the source of large earthquakes (M w Ն8). More precisely, the initial phases of the well-separated split multiplets carry information on the rupture length and the source duration, and consequently on the mean rupture velocity. Usually for the gravest modes, only the amplitudes are studied to constrain the source mechanism and the seismic moment. Phases are seldom explicitly considered. We apply this technique to constrain the 2004 Sumatra and 2005 Nias earthquakes. Data used are from broadband seismometers of permanent worldwide networks and superconducting gravimeters from GGP network; mainly vertical components are studied.
In comparison with the individual iterative spectral fitting method used in a previous study (Lambotte et al., 2006) , the singlet-stripping method used here allows us to relax some constraints such as those having very long time series. This method allows us to study some higher frequency modes ( 0 S 4 ) and to use more stations than previously.
For the 2004 Sumatra earthquake, with the phase estimations of some of the gravest Earth's free oscillations ( 0 S 2 , 0 S 3 , 0 S 4 , 1 S 2 , 0 S 0 , and 1 S 0 ), we find a rupture length of 1250 ‫ע‬ 100 km, a source time duration of 550 ‫ע‬ 50 sec, and a mean rupture velocity of 2.3 ‫ע‬ 0.3 km/sec. These results are in agreement with other studies using short and long-period seismological data, GPS data, and hydroacoustical data. To take into account the complexity of the slip distribution, we introduce a triangular taper in the inversion, and the optimal solution gives a summit around 5.8Њ N in agreement with the global slip distribution from others studies.
For the 2005 Nias event, the signal-to-noise ratio is clearly not as good as for 2004 and consequently we have a reduced dataset ( 0 S 3 , 0 S 4 , 0 S 0 , and 1 S 0 ). The rupture of the 2005 Nias earthquake is more complex and at least two segments with rupture propagation in opposite directions should be considered. A model in which a first rupture to the north is followed Ϸ40 sec later by a second, longer, rupture to the south correctly predicts our phase measurements. Unfortunately, the bilateral nature of the rupture, and its spatial dimensions prevent us of constraining the rupture length.
